3D unmanned aerial vehicle radiation mapping for assessing contaminant distribution and mobility  by Martin, P.G. et al.
3
c
P
J
a
b
c
d
e
M
a
A
R
R
A
A
K
F
L
R
G
C
1
t
(
n
(
C
m
a
2
m
h
0International Journal of Applied Earth Observation and Geoinformation 52 (2016) 12–19
Contents lists available at ScienceDirect
International  Journal  of  Applied  Earth  Observation  and
Geoinformation
jo ur nal home p age: www.elsev ier .com/ locate / jag
D  unmanned  aerial  vehicle  radiation  mapping  for  assessing
ontaminant  distribution  and  mobility
.G.  Martina,∗,  S.  Kwongb, N.T.  Smithb,e,  Y.  Yamashiki c,  O.D.  Paytona, F.S.  Russell-Paviera,
.S. Fardoulisa,  D.A.  Richardsd,  T.B.  Scotta
Interface Analysis Centre, HH Wills Physics Laboratory, University of Bristol, Bristol, BS8 1TL, UK
National Nuclear Laboratory, Chadwick House, Warrington, WA3  6AE, UK
Graduate School of Advanced Integrated Studies in Human Survivability, Kyoto University, Kyoto, 606-8501, Japan
School of Geographical Sciences, University of Bristol, Bristol, BS8 1SS, UK
Research Centre for Radwaste and Decommissioning, School of Earth, Atmospheric and Environmental Sciences, Williamson Building, University of
anchester, Manchester, M13 9PL, UK
 r  t  i  c  l e  i  n  f  o
rticle history:
eceived 19 March 2016
eceived in revised form 9 May  2016
ccepted 24 May  2016
vailable online 5 June 2016
eywords:
ukushima
iDAR
adiation mapping
amma-spectrometry
ontamination
a  b  s  t  r  a  c  t
Following  the  events  of March  2011  at  the  Fukushima  Daiichi  Nuclear  Power  Plant,  signiﬁcant  quantities
of  radioactive  material  were  released  into  the local  and  wider  global  environment.  At  ﬁve  years  since
the  incident,  much  expense  is  being  currently  devoted  to  the  remediation  of  a large  portion  of eastern
Japan  contaminated  primarily  by  radiocesium,  yet further  signiﬁcant  expenditure  will  be required  over
the succeeding  decades  to complete  this  clean-up.  People  displaced  from  their  homes  by  the  incident  are
now  increasingly  keen  to return,  making  it more  important  than  ever  to provide  accurate  quantiﬁcation
and  representation  of  any  residual  radiological  contamination.  Presented  here  is  the  use  of an  unmanned
aerial  vehicle  equipped  with a laser  rangeﬁnder  unit  to  generate  a  three  dimensional  point-cloud  of  an
area onto  which  a radiation  contamination  map,  also  obtained  concurrently  via the unmanned  aerial
platform,  can be  rendered.  An exemplar  site of  an  un-remediated  farm  consisting  of multiple  stepped
rice  paddy  ﬁelds  with  a dedicated  irrigation  system  was  used  for this  work.  The  results  obtained  show
that  heightened  radiological  contamination  exists around  the site  within  the  drainage  network  where
material  is  observed  to have  collected,  having  been  transported  by transient  water  runoff  events.  These
results  obtained  in  May  2014  suggest  that  a proportion  of  the  fallout  material  is  highly  mobile  within
the  natural  environment  and  is likely  to be transported  further  through  the  system  over the  succeeding
years.
© 2016  The  Authors.  Published  by Elsevier  B.V. This  is  an open  access  article  under  the  CC BY  license. Introduction
The magnitude 9.0 Great To¯hoku earthquake and resulting
sunami that occurred off the eastern coast of Japan in March 2011
Simons et al., 2011) caused severe damage to three of the four
uclear reactors at the Fukushima Daiichi Nuclear Power Plant
FDNPP). This release was the second largest in history, behind
hernobyl in 1986, being classiﬁed at Level 7 (IAEA, 2012), the most
ajor, on the International Nuclear Event Scale (IAEA, 2008) with release of approximately 520 PBq of activity (Steinhauser et al.,
014). From the releases that occurred over a ten day period, the
edium-lived ﬁssion product isotopes of cesium, 134Cs and 137Cs,
∗ Corresponding author.
E-mail address: peter.martin@bristol.ac.uk (P.G. Martin).
ttp://dx.doi.org/10.1016/j.jag.2016.05.007
303-2434/© 2016 The Authors. Published by Elsevier B.V. This is an open access article u(http://creativecommons.org/licenses/by/4.0/).
with half-lives of 2.065 and 30.2 years respectively (CRC Press) are
the subject of extensive decontamination efforts across a wide area
to the west of the Fukushima plant (Hardie and McKinley, 2014;
Japanese Ministry of the Environment, 2013; Miyahara et al., 2012;
Yasutaka and Naito, 2015).
Over the weeks post release, the extent of the contamination
was monitored using a series of high altitude aerial surveys-
conducted using manned aircraft at altitudes of 150–700 m (MEXT
and United States DoE, 2011; MEXT, 2011). Following these,
greater resolution was  achieved through the use of unmanned heli-
copters more commonly used in Japan for agricultural crop-dusting
(Sanada and Torii, 2015; Sanada et al., 2014). This technology
reduced the pixel resolution to 5 m.  Improved resolution over
smaller (km2) areas was  achieved by a multirotor unmanned aerial
vehicle (UAV) enabling meter-scale mapping of contamination
(MacFarlane et al., 2014; Martin et al., 2016). Thus far, this radiation
nder the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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urveying work has yielded maps detailing only the 2-dimensional
istribution of radiation. Here we explore the use of 3-dimensional
apping as a tool for visualising the location and environmental
pread of contamination over a site with extensive local topog-
aphy. Using such a method, the effects of the site on the spread
f radioactivity are rapidly and easily visualised. To generate a
-dimensional system used within this study, a 2-dimensional radi-
tion map  taken of the site is overlain onto a 3-dimensional surface
roduced by a range-ﬁnding system.
In addition to the great effort being devoted to the highly accu-
ate mapping of radiological contamination in the FDNPP fallout
one, many studies have focused on modelling and predicting the
ovement and eventual fate of radiological contamination within
he environment, (Chartin et al., 2013; Masson et al., 2011; Morino
t al., 2011) and soils (Kinoshita et al., 2011; Koarashi et al., 2012;
tohl et al., 2012; Tagami et al., 2011; Yasunari et al., 2011). The
opographic relief within the contaminated area to the north-west
f the plant is sub-mountainous with north-west trending valleys
ncised with rivers, the largest of which-the Abukuma River, has
een the focus of much work to understand the mass transport
f material from the catchment (Adhiraga Pratama et al., 2015;
amashiki et al., 2014) and its eventual deposition out into the
eighbouring Paciﬁc Ocean (Buesseler et al., 2011; Masson et al.,
011). The severe typhoon events (June to September) that occur
ithin the region have been shown to be responsible for the move-
ent of signiﬁcant quantities of material (Chartin et al., 2013;
vrard et al., 2013; Nagao et al., 2013; Yamashiki et al., 2014).
n comparison to the climate at Chernobyl, with mean annual
recipitation of 621 mm/y  (Climate-data.org), Japan’s main island
Honshu) is characterised by a monsoon climate with near dou-
le mean annual precipitation of 1130 mm/y  (Japan Meteorological
gency)—depending on both the distance from the ocean and ele-
ation above sea-level.
LiDAR is deﬁned as a light based “optics remote sensing technol-
gy that measures properties of scattered and reﬂected light to ﬁnd
ange and/or other information about a distant target” (Karp and
totts, 2012). Typical systems use time-of-ﬂight methods whereby
he time difference between the laser pulse being sent and received
ack at the detector corresponds to the distance (or other physi-
al property) based on the speed of light. The majority of systems
sed currently for cm to m resolution remote sensing over km
cales are 3D-scanning LiDAR units; these scanning systems use
n array of lasers with discrete pulses at a speciﬁc wavelength,
ach of nanosecond duration, alongside a corresponding array of
etectors. Using these scanning systems, it is possible to gener-
te a positional data point-cloud with ×107 data points, collected
t a rate of 105 points per second. This data can be plotted in 3-
imensions to accurately represent (subject to error introducing
actors including surface type (Hodgson and Bresnahan, 2004) and
tmospheric conditions (Barrett and Ben-Dov, 1967)) for example
hanges in a topographical surface (Chen et al., 2006), the vari-
nce in a tree canopy (Lefsky et al., 2002; Lim et al., 2003; Nilsson,
996) or mass movement events and subsequent sediment trans-
ort (Roering et al., 2009), to produce a digital elevation model
r DEM. Within the present work however, distance data from a
ingle-point rangeﬁnder within the detection payload was used.
perating identically in principle to the multi-beam system, but
mploying only a single beam, ﬁring vertically down from the UAV
 the volume of point-cloud data collected to generate a DEM is
igniﬁcantly less, however this sensor still produces a high spatial
ensity of topographic data.. Materials and methods
The results described in this study represent the evolution
f the unmanned aerial vehicle platform used previously by theObservation and Geoinformation 52 (2016) 12–19 13
authors to monitor contamination within selected ﬁeld sites across
Fukushima Prefecture as well as a former uranium mine in the UK
(Martin et al., 2016, 2015). Readers are directed to these works
where a comprehensive description and details of the system
deployed in this work is provided. A brief summary of the UAV
and associated detection system are provided below.
2.1. UAV and data acquisition system
Developed at the University Of Bristol (UK), the aerial system
is capable of ﬂights of 30–35 min in duration on lithium polymer
batteries. Unlike larger systems, the UAV has a total system weight
of 7.0 kg and is capable of carrying a 5.0 kg payload, however to
optimise ﬂight time, the total sensing payload weighed only 500 g.
For the radiological survey, the UAV operated following pre-
programmed waypoints deﬁned by the operator, with both take-off
and landing performed manually using conventional remote con-
trols. Flights were carried out at a consistent ground equivalent
speed of 1 ms−1, with the instrument operated at the lowest height
safe to do so (typically 1–10 m above the ground surface). A consis-
tent grid spacing of 2.0–2.5 m was maintained during the survey to
ensure adequate ground coverage.
As with previous works, the radiation detection payload used
within this study featured a miniature gamma-ray spectrometer,
produced by KromekTM (Co. Durham, UK). The uncollimated, small
volume (1 cm3), cadmium zinc telluride (CZT) co-planar grid spec-
trometer has an energy range of 30 keV to 3.0 MeV, with an energy
resolution of <2.5% @ 662 keV. Electrical noise within the detector
was <10 keV Full Width at Half Maximum (FWHM) (Kromek Group
PLC, 2015). Mounted next to the radiation detector on a three-axis
gyro-stabilised gimbal was a single-point laser rangeﬁnder with an
accuracy of ±5 cm over the 0.2–30 m instrumental range, operating
at a wavelength of 905 nm (near-infrared) (AR2500 AcuityTM).
Data from both the gamma-spectrometer and rangeﬁnder were
sampled every 500 ms,  with the values recorded onto a small micro-
controller (Arduino ADK, Scarmagno, Italy) alongside a GPS location
sampled from an on-board antenna.
2.2. Survey site
The site chosen for the study was  a stepped farmstead within
the Kawamata region of Fukushima prefecture (N 37◦35.1154′,
E 140◦42.0781′) (Fig. 1) located near to the eastern border with
Namie, contaminated as an effect of the north-west trending plume
released from the FDNPP. A recent report by the Ministry of Econ-
omy, Trade and Industry (METI) labelled the site, 35 km from as
plant, and the surrounding region as an area “in which residents
are not permitted to live”. To the north of the stepped ﬁelds, at
the highest point on the site, there exists a small house with gen-
tly sloping roofs that have been previously characterised using a
UAV (Martin et al., 2016). The contaminated ground studied was a
strip 200 × 50 m running north-south, formed of a series of smaller
gently inclined ﬁelds of varying sizes-with the southern limit of
each of these ﬁelds bounded by a shallow water-ﬁlled drainage
ditch approximately 30 cm in depth. To the south of each of these
ditches, forming the vertical steps throughout the site, were a series
of steeply inclined, near vertical banks, ranging from 1 to 5 m in
height. This site in Irikuboyama (Kawamata) was also selected due
to its proximity to an existing JAEA test site (Higashikuboyama)
examining the distribution of radioactive substances discharged by
the Fukushima incident (MEXT and NRA, 2012, 2013). Work at this
location, and other similar sites along the plume proﬁle, sought to
investigate the retention of 134Cs and 137Cs within differing soil
proﬁles as well as within differing crop types.
Previous work by Abe et al. (1981), investigating the background
levels of radiation across the entirety of Japan with respect to
14 P.G. Martin et al. / International Journal of Applied Earth Observation and Geoinformation 52 (2016) 12–19
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aig. 1. Map  of eastern Japan showing the location of both the Fukushima Daiichi Nucl
f  the references to colour in this ﬁgure legend, the reader is referred to the web ve
nﬂuences from both the sub-surface geology and atmospheric fall-
ut determined average values of 0.097 ± 0.013 and 0.09 Sv/h for
ukushima Prefecture and Japan as a whole respectively. Due to its
ery low level, and highly homogenous nature, this work assumes
hat the impact from this background radioactivity on the results
btained in this radiological survey are constant and can be con-
idered negligible with respect to the levels determined in this
ork.
Using both the altitude of the UAV recorded by the on-board
PS and the distance to the ground produced from the single point
aser rangeﬁnder (Fig. 2), it was possible to generate a plot of the
opography of the land surface. Onto this digital elevation model
DEM), the results from radiological mapping were applied.
.3. Data analysis
Custom software was produced to complement existing soft-
are platforms. Maps of radiation intensity were plotted detailing
adiation levels (in counts per second (CPS)) as a coloured scal-
ng overlain onto a base map  over the entire measurable energy
ange of the detector (30 keV–3.0 MeV) normalised to a height of
 m using data from the laser rangeﬁnder. As in previous works, this
ormalisation was conducted with the possible source area on the
round existing as a function of the horizontal aperture of the detec-
or and its altitude, following an inverse-square law calculation of
adiation dispersion originating from a point source.
In order to construct a DEM within geospatial analysis software,
dditional software was produced to convert the raw data from
he UAV system into the XML  ﬁle format. The data outputted con-
isted of longitude and latitude arrays as well as values for CPS
nd ground surface height (calculated from the difference betweenwer Plant (FDNPP) [red] and the survey site [blue]. (© Bing Maps) (For interpretation
of this article.)
the GPS altitude and distance to the surface measured with the
rangeﬁnder).
2.4. 3-Dimensional visualisation model
Using the data exported from the analysis software, con-
struction of the 3-dimensional radiation model was conducted
using the UK National Nuclear Laboratory (NNL) prototype “EnVi”
(Environmental Visualisation, a 3D digital data pre-processor) soft-
ware which was  designed in-house to enable visualisation of 3D
spatial data with attributes, such as aerial LiDAR and radiation data
collected from instrument platforms such as the UAV deployed in
this study. The utility was developed using Visual Basic for Appli-
cations (VBA) (Microsoft Corporation) for data originating from
ExcelTM or text ﬁle formats. Traditional geographical information
system (GIS) analysis techniques are often utilised to create a 3D
view of attributes such as population densities, vegetation and land
temperature. However, these traditionally rely on the production of
a DEM from the LiDAR’s 3D point cloud dataset, creation of a gridded
surface from the dataset being mapped in 3D (typically requiring
accompanying GPS measurements for each measurement) and then
the draping of the attribute surface onto the 3D surface. This cre-
ates problems/inconsistency when one dataset is georeferenced to
its 3D counterpart (Naoum et al., 2005), particularly if the grid
points are slightly offset during gridding operations. Draping of
the attribute grid over the 3D grid can result in inaccuracies in the
translation of the 2D point onto the 3D surface.EnVi uses the points in the 3D dataset with attributes directly.
Data visualisation is achieved in a two  stage process. Firstly, tri-
angular cells are created (using all data points) over the whole
observed domain using Delaunay triangulation. Secondly, contour-
P.G. Martin et al. / International Journal of Applied Earth Observation and Geoinformation 52 (2016) 12–19 15
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tig. 2. Diagrammatic representation of the use of a single-point rangeﬁnder coup
adiation data can be overlain.
ng of the attribute is performed over all the triangular cell surfaces
o produce a 3D image of the selected attribute.
In this study, visualisation is provided by the open source soft-
are ParaviewTM. Traditional GIS analysis relies on the use of a
eoreferenced coordinate system, but EnVi utilises the data points
hemselves to create its own coordinate system. The direct use of
ata points (with spatial and attributes information) by EnVi elim-
nates the need for time-consuming creation of several surfaces
rior to the manual draping operations often adopted in GIS sys-
ems. This processing efﬁciency therefore allows for a quicker 3D
isualisation of surfaces in the ﬁeld, effectively in real-time, a use-
ul feature for situations such as following the radioactive releases
rom Fukushima.
. Results and discussion
Following the release from the Fukushima Daiichi Nuclear
ower Plant in March 2011, studies have estimated the deposition
f radiocesium to be largely uniform, with a homogenous cover-
ng of 1–2 MBq/m2 across the affected study area (MEXT, 2011), as
lso approximated in Malins et al., 2016. However, over the thirty
ight months between the radioactive release and the airborne sur-
ey in May  2014, regions of evolving differential radioactivity are
bserved at the meter scale.
A map  detailing the course (X, Y co-ordinates) taken by the UAV
n mapping the site is shown in Fig. 3 (a), with the correspond-
ng plot of radiological contamination (normalised to 1 m)  in Fig. 3
b). Apparent within the inclined site is the substantial variation
n recorded radioactivity over the duration of the survey. At both
he top and bottom limits of the north-south trending property are
egions with reduced activity when compared to other parts of the
ite. The northern and southernmost areas display typical activities
f between 80 and 100 CPS (1.3–1.5 Sv/h), considerably less than
he 300–320 CPS (4.7–5.1 Sv/h) found centrally within the site.
These isolated regions with heightened activity likely represent
atural pre-concentration, whereby movement of fallout particles
ue to ﬂuid ﬂow downslope has transported the material where
t had, at the time of the radiation survey, been deposited. The
amma-ray spectra produced from the region in the north portion
f the site highlighted in Fig. 3 (a) is presented in Fig. S1, showing
he non-natural contribution from radiocesium (134Cs and 137Cs).ith GPS altitude to derive a highly accurate elevation model of a site; onto which
In order for the rangeﬁnder data to be used to construct the
DEM, the effects of different thicknesses of water over the site
causing irregular pulse returns had to be considered. The results of
in-lab experiments are presented within Fig. 4. At low thicknesses
of water (up to 0.4 m), a consistent return is observed-with the
measured height equalling the true height the system was above
the ground. However, at greater water depths (>0.5 m)  the values
produced by the rangeﬁnder for measured distances are not equal
to the true distance-this is believed to be due to the piling-up of the
various returns travelling back to the rangeﬁnder from the water
and container surfaces. To account for any such erroneous contribu-
tions to the recorded elevation model, outlier points were removed
through nearest neighbour comparison of returns.
Through processing of the data captured by the UAV, it was pos-
sible to generate an accurate terrain DEM of the site, shown in
Fig. 5 (a). Illustrated is the marked variation in height across the
site progressing from south to north. The stepped nature of the site
is apparent in the DEM produced by the rangeﬁnder. A total ele-
vation change of 31.5 m over the 215 m length of the farmstead
represents a moderate gradient of 14.6%.
Results of applying the processed radiation intensity map  (Fig. 5
(b)) to the elevation model are shown in Fig. 5 (c). From these
radiation maps, the locations of most signiﬁcant contaminant accu-
mulations coincide within small local topographical low points on
the site. Such areas correspond to the location of the drainage net-
work at the southern end of each of the individual ﬂat stepped
ﬁelds.
With radioactive material having originally likely been
deposited uniformly over the site, this survey strongly indi-
cates that material has been transported and redistributed under
the action of downward water ﬂow, having been subsequently
deposited where momentum no longer permits transport. The low
levels of radiation from the higher ground to the west of the site also
likely corresponds to the transport of material away from where
it was  originally deposited. Extensive work has previously used
the deposition and transportation of caesium from natural sources
(Walling and Quine, 1991) as well as following nuclear testing (De
Jong et al., 1983; Longmore et al., 1983) as a method for analysing
soil erosion and transportation.Based on the contaminant migration occurring over the 38
months from March 2011 to May  2014, this work supports other
previous studies reporting contaminant mobility, suggesting that
16 P.G. Martin et al. / International Journal of Applied Earth Observation and Geoinformation 52 (2016) 12–19
Fig. 3. (a) Flight path of the UAV undertaken during the site survey and (b) corresponding radiation distribution map with detected values normalised to 1 m above the
ground  surface. The location of the gamma-ray spectrum presented in Fig. S1 is shown.
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he material ejected from the FDNPP is mobile within the envi-
onment absorbed onto the surfaces of microscopic clay particles.
his material is then readily transported through frequent meteoric
vents. It is anticipated that the downslope spread of contami-
ation will continue indeﬁnitely until it accumulates within the
owest local topographical minima within the landscape or enters
treams and rivers ﬂowing eastwards towards the coast and the
aciﬁc Ocean; the mountainous terrain of the areas affected by
he radioactive releases will likely increase the rate at which this
igration will occur. Research following the Chernobyl accident
y Rosén et al. (1999) found the retention of caesium within thees of water—a marked change in response is observed at greater ﬂuid thickness.
ground to be strong, with material remaining in the uppermost soil
horizons. A later comparison of both the Chernobyl and Fukushima
radiocesium behaviour by Konoplev et al. (Konoplev et al., 2016)
examined numerous environmental properties including the par-
tition coefﬁcient (Kd). The work concluded that the Kd value of the
radiocesium from Fukushima is 1–2 orders of magnitude greater
than that observed within the Chernobyl zone; this is attributed
to the high radiocesium interception potential (RIP) as a factor of
the high clay content of the Fukushima soil as well as the insolu-
ble and glassy nature of the fallout (Adachi et al., 2013). Konoplev
et al. also found that the normalised dissolved wash-off coefﬁcients
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pig. 5. (a) Elevation model of the site shaded for height above ground, (b) wire-fram
ite  model showing altitude overlain with radiation intensity data.
or Fukushima catchments are 1–2 orders of magnitude lower than
hernobyl, whereas the normalised particle wash-out coefﬁcients
ere comparable for both localities. In addition to the differing soil
roperties, the greater volume of annual precipitation and frequent
evere weather events may  also be associated with an enhanced
obility of radiocesium.
. Conclusions and future workThrough the use of unmanned aerial vehicles equipped with
oth radiation detection and laser range-ﬁnding systems it was
ossible to construct a highly accurate model of a 1000 m2 steppeddel overlain with counts per second and dose rate data and (c) three-dimensional
farmstead within the fallout affected Kawamata Town region of
Fukushima prefecture. With both detectors mounted on the same
payload unit, recording at a frequency of 2 Hz, a single survey ﬂight
of 15 min was enough to capture all the data presented within this
work.
With respect to the clean-up operation currently ongoing within
the region, this work highlights the useful application of such a 3D
mapping system—in near real-time illustrating the movement of
contamination on the meter scale. Despite efforts of the Japanese
authorities who  have since remediated this farmstead through the
removal of the uppermost 10 cm of material, the continual addition
of new contaminant material from greater heights to the north of
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his site will likely contribute to the case for further remediation
ctivity in the future.
Future work on the system will seek to apply a 32 laser,
D-scanning LiDAR system in addition to the standard radiation
etection payload for the construction of super high-resolution
hree dimensional radiation maps of structures such as buildings
nd waste material storage sites for both monitoring and visualis-
ng contamination. The utilisation of high-performance computing
ill allow for the potential ray-tracing and construction of highly
ccurate radiation models to pinpoint the origin of such contami-
ation. As well as forming a potential role within disaster recovery,
he use of high-resolution three-dimensional radiation mapping
ay be highly useful for more general nuclear decommissioning
nd post-operational clean-out.
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